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Stevioside and rebaudioside A are the chief diter-
pene glycosides present in the leaves of Stevia
rebaudiana. Rebaudioside A imparts a desirable
sweet taste, while stevioside produces a residual bit-
ter aftertaste. Enzymatic synthesis of rebaudioside A
from stevioside can increase the ratio of rebau-
dioside A to stevioside in steviol glycoside products,
providing a conceivable strategy to improve the
organoleptic properties of steviol glycoside products.
Here, we demonstrate the efficient conversion of ste-
vioside to rebaudioside A by coupling the activities
of recombinant UDP-glucosyltransferase UGT76G1
from S. rebaudiana and sucrose synthase AtSUSI1
from Arabidopsis thaliana. The conversion occurred
via regeneration of UDP-glucose by AtSUS1. UDP
was applicable as the initial material instead of
UDP-glucose for UDP-glucose recycling. The
amount of UDP could be greatly reduced in the
reaction mixture. Rebaudioside A yield in 30 h with
2.4 mM stevioside, 7.2 mM sucrose, and 0.006 mM
UDP was 78%.

Key words: rebaudioside A; stevioside; sucrose
synthase; UDP-glucosyltransferase; UGT
76G1

Steviol glycosides are a group of sweet-tasting com-
pounds extracted and purified from the leaves of Stevia
rebaudiana Bertoni. More than 30 steviol glycosides
have been discovered in S. rebaudiana, of which
stevioside and rebaudioside A are the predominant
sweetening agents."> Their concentrations vary widely
depending on the genotype, cultivation conditions, and
harvesting time of the plant.®> The typical proportion of
stevioside and rebaudioside A in dry leaf matter of wild
stevia plants is 9.1 and 3.8%, respectively.? Great atten-
tion has been paid to steviol glycosides for their utility
as low-cost natural sweeteners in food and beverages”
because of the following: their high-intensity sweetness;
low calorie count; non-nutritive nature; high stability;6’7)
and reported therapeutic properties such as antihyper-
glycemic, antihypertensive, anti-inflammatory, antitu-
mor, antidiarrheal, diuretic, and immunomodulatory

effects.” The Joint FAO/WHO Expert Committee on
Food Additives has established a monograph for steviol
glycosides, and highly pure steviol glycosides have been
officially approved as food additives in the United
States and European Union. The United States Food and
Drug Administration granted “generally recognized as
safe” regulatory acceptance of rebaudioside A in
2008.'”

Usually, stevioside and rebaudioside A coexist in
commercially available steviol glycoside products.
Stevioside is 250-300 times sweeter than sucrose but
produces a bitter aftertaste, which constrains its use for
human consumption and application in food and
pharmaceutical products.'''®  Rebaudioside A s
sweeter than stevioside and produces a clean, sweet
taste with no significant undesirable aftertaste charac-
teristics."® For debittering steviosides, stevioside mod-
ification catalyzed by a-amylase'> or p-cyclodextrin
glucanotransferase has been applied.'®"™ In this study,
we propose a strategy that increases the rebaudioside
Alstevioside ratio in stevia extracts by the conversion
of stevioside to rebaudioside A, thereby enabling a
low-cost preparation of high-purity rebaudioside A
(Fig. 1). In vitro glycosylation of stevioside to produce
rebaudioside A was catalyzed by the Stevia UDP-gluco-
syltransferase UGT76G1, of which the glucosyltrans-
ferase activity for specific generation of rebaudioside A
from stevioside was previously confirmed, with UDP-
glucose as the activated sugar donor.'”?? The UDP-
glucose availability for this reaction was facilitated by
the activity of a sucrose synthase from Arabidopsis
thaliana (AtSUS1), which catalyzes the generation of
UDP-glucose and fructose from sucrose and UDP,
respectively. UDP-glucose and UDP were investigated
as initial materials in the two-enzyme system.

Materials and methods

Synthesis of A. thaliana sucrose synthase gene.
The coding region of AtSUS1 cDNA (GenBank
accession no: NM122090), with codons optimized for
expression in Saccharomyces cerevisiae in the earlier
study, was synthesized using a two-step PCR-based
method.”"
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Fig. 1. Concept of the two-enzyme system for efficient synthesis of
rebaudioside A from stevioside.

Notes:  UGT76G1, UDP-glucosyltransferase from  Stevia
rebaudiana; AtSUS1, sucrose synthase from Arabidopsis thaliana.

The first step was the PCR-based synthesis of ~600-
bp (base pair) fragments using a high-fidelity PrimeS-
TAR HS DNA polymerase (Takara, Dalian, China)
from 72 oligonucleotides of 59 nt (nucleotide) each,
with 18-29-nt overlaps at both 5’ and 3’ ends between
adjacent oligonucleotides. The oligonucleotide frag-
ments were designed using the specialized oligonu-
cleotide design program that is DNAWorks.?” The
melting temperature (7,,) of the overlapping regions
was kept similar, and in the gene assembly experiment,
a T, of 62 °C was found to be most suitable according
to the DNAWorks. The oligonucleotides were diluted
to a concentration of 10 uM with double-distilled water
for later use. The 72 oligonucleotides were divided into
four groups, and equal volumes of oligonucleotides in
each group were mixed and used as the inner oligonu-
cleotides. Assembly of PCR was carried out in a 50-pL
reaction mixture containing 1pmol of each inner
oligonucleotide, 20 pmol of each outer oligonucleotide,
1x PCR buffer, 4 uL. dNTP (2.5 mM each), and 1.25U
of PrimeSTAR HS DNA polymerase. The amplification
was comprised of 30 cycles at 98 °C for 10s, followed
by 68 °C for 1 min.

The second step was assembling the full-length gene
by overlap-extension PCR. Four microliters of the mix-
ture combined from four different products in the first-
step PCRs was used as the template for the second
PCR, with 2 uL of the two outermost oligonucleotides
as primers in a final volume of 50 uL. The PCR proto-
col was the same except for annealing conditions, i.e.,
68 °C for 2min 30s. A 3’ overhang was added to the
final PCR product by incubation with additional 1 pL
dATP (10 mM) and 0.5 pL Taq DNA polymerase (5 U/
pL) (Takara) at 72 °C for another 30 min. The product
was subsequently purified by a gel extraction kit
(Takara). The purified DNA fragment was then cloned
into a pMD®18-T vector (Takara). Several positive
clones were sequenced by a contract research organiza-
tion, GenScript (Nanjing, China), to check for fidelity.

The above synthesized sucrose synthase gene was
used to express in Escherichia coli in this study. To
avoid the rare codon effect on the recombinant protein
expression, E. coli Rosetta (DE3) (Novagen), which
belongs to BL21 derivatives designed to enhance the
expression of eukaryotic proteins that contain codons
rarely used in E. coli, was used as the host strain.

Plasmid construction. ~ The codon-optimized gene
encoding UGT76G1 in Stevia (DDBJ accession

number: LC037193), synthesized by GenScript, was
previously cloned into the expression vector pET-28a
(+) (Novagen), yielding plasmid pEUGT. The primers
Pl (GGAATTCCATATGGAAAATAAGACTGAAAC-
TACTG) and P2 (CCGCTCGAGTTATAATGAT-
GAAATATAAGAAACCAA) (Nde 1 and Xho 1
restriction endonuclease sites underlined) were used for
pEUGT construction.

The 2427-bp modified sucrose synthase gene was
subcloned into pEUGT using the CloneEZ® PCR
cloning kit, with the primers P3 (TTTCATCATTA-
TAACTCGAGTAAGGAGGATATACATATGGCGAAT-
GCCGAGAGAATGAT) and P4 (GGTGGTGGTG-
CTCGAGTTAATCGTCCTGGGCTAATGGC). The
Xho 1 restriction endonuclease sites were underlined,
and the Shine-Dalgarno (SD) sequence was boxed. The
resulting plasmid coexpressing UGT76G1 and AtSUSI
was designated as pEUGT-SUS (Fig. 2).

Expression of recombinant glucosyltransferase and
sucrose synthase in E. coli.  Individual colonies of
E. coli Rosetta (DE3) cells transformed with the plasmid
pEUGT or pEUGT-SUS were grown in Luria Bertani
medium containing 50 pg/mL kanamycin and 34 pg/mL
chloramphenicol overnight at 37 °C with shaking at 200
rpm. Next, aliquots of the cultures were inoculated into
50 mL of fresh auto-induction medium (15 g/L tryptone,
25 g/L yeast extract, 10 g/L NaCl, 2 g/L glucose, and
3 g/L lactose) supplemented with antibiotics and incu-
bated at 30 °C with shaking at 200 rpm for 12—13 h.

Enzymatic ~ synthesis of rebaudioside A with
UGT76G1 and AtSUSI.  After pEUGT-SUS expres-
sion in E. coli, the cells were harvested and washed
twice in potassium phosphate buffer (100 mM, pH 7.2).
A lysate containing soluble proteins was obtained by
sonication on an ice-water bath and subsequent
clarification by centrifugation at 4 °C. The supernatant

Xho I

i

11 origin
kan

pPEUGT-SUS

\ \Ndel

Fig. 2. pEUGT-SUS. The modified genes encoding UGT76G1 and
AtSUS1 were subcloned into the expression vector pET-28a (+),
resulting in pPEUGT-SUS.
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was used as the crude extract. Total protein concentra-
tions were measured by the Bradford assay using
bovine serum albumin (BSA) as a standard.>® The sub-
strate stevioside was incubated with aliquots of the
crude extract at 30 °C in a reaction mixture containing
varying concentrations of UDP-glucose or UDP,
sucrose, and 3 mM MgCl, in potassium phosphate buf-
fer (100 mM, pH 7.2) for synthesis of rebaudioside A.

Glucosyltransferase  activity — assay*™. The
UGT76G1 expressed by E. coli was subjected to the
enzyme assay reaction. The assay mixture contained 1
mg of total protein from the crude extract, ] mM ste-
vioside, 2mM UDP-glucose, and 3 mM MgCl, in
potassium phosphate buffer (100mM, pH 7.2), in a
total volume of 5mL. Reactions were performed at
30 °C for 1 h. The samples were taken and prepared for
high-performance liquid chromatography (HPLC)
analysis. One unit (U) of glucosyltransferase activity
was defined as the amount of enzyme that produced
1 umol of rebaudioside A per min under the described
conditions.

As the two genes, respectively, coding UGT76Gl1
and AtSUS1 in the pEUGT-SUS construct were
expressed as one Polycistron driven by the T7 pro-
moter, the UDP-glucosyltransferase activity was defined
to describe the amount of recombinant enzymes which
were used in the above reaction mixtures.

HPLC analysis®.  Samples of the reaction mixture
described above were extracted three times with equal
volumes of water-saturated 1-butanol and then dried
using a nitrogen purge device (QYN100-1) (Joyn Elec-
tronic, Shanghai, China). The pooled butanol fractions
were dried completely and re-dissolved in 300 uL
water-saturated 1-butanol.

The analysis of rebaudioside A was conducted on an
HPLC system (Agilent 1290 Infinity, Agilent Technolo-
gies) using a Galaksil™ BF-NH, column (4.6 x 250
mm, 5 pum 120 A) maintained at 40 °C with UV detec-
tion at 210 nm. The flow rate was 1 mL/min using 20%
H,0 in CH3;CN (pH adjusted to 4.2 with acetic acid)
as the mobile phase. The injection volume was 10 pL.
Rebaudioside A standard (99%) for HPLC was
obtained for Wako Pure Chemical Industries, Ltd
(Japan). The rebaudioside A yield was calculated as
following: rebaudioside A yield (%)=C(RA)/C(St).
There C(St) represents the initial stevioside mole con-
centration; C(RA) represents the increased rebaudioside
A mole concentration after the reaction.

HPLC-MS' analysis. HPLC-MS analysis was con-
ducted on an Agilent 6460 HPLC system, coupled with
negative electrospray ionization (ESI) mass spectrome-
try (MS) method. Mass spectra in the negative ion mode
were operated under the following conditions: frag-
menter voltage=130¢eV, voltage=3500V, nebulizer
pressure =45 psi, capillary temperature =325°C, m/z
range = 100-1200. The analytical column used was a
Galaksil™ BF-NH, column (4.6 x 250 mm, 5um 120
A) maintained at 30°C, and the flow rate was

0.6 mL/min using 30% H,0 in CH;CN as the mobile
phase. The injection volume was 20 pL.

Results and discussion

Heterologous expression of UGT76G1 and AtSUSI

The pattern of glycosylation heavily influences the
sweetness and taste perception of a mixture of different
steviol glycosides. The enzyme UGT76Gl from
S. rebaudiana catalyzes the conversion of stevioside,
the most abundant steviol glycoside, to rebaudioside A,
which  possesses superior organoleptic  proper-
ties,'>>*?> providing an approach to change the glyco-
sylation patterns of steviol glycoside products and
accordingly improve their taste quality.

In our study, when the samples were taken
immediately after incubation with 1.6 mU/mL enzymes
from the crude extract, 1 mM stevioside and 2 mM
UDP-glucose, 0.02 mM rebaudioside A was detected in
the reaction mixture (Fig. 3(a)). After incubation for 2
h, the amount of rebaudioside A reached 0.28 mM
(Fig. 3(b)). HPLC-MS analysis of the product ion scan
spectrum was carried out, with rebaudioside A standard
similarly prepared as control. The characteristic frag-
mentation of [M—H] was identical with rebaudioside
A standard that were at m/z 965.5 (Fig. 4). Therefore,
the product generated in the reaction mixture was con-
firmed as rebaudioside A. These results indicate that
the recombinant UGT76G1 coded by the synthetic gene
was functional when expressed in E. coli.

Generally, enzymatic glycosylation is not scalable
because addition of the activated sugar donor is quite
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Fig. 3. HPLC showing the peaks of stevioside and rebaudioside A
detected in the glucosyltransferase activity assay.

Notes: The samples were taken immediately after reaction (a) or
for 2h (b).
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Fig. 4. HPLC-MS analysis of rebaudioside A standard (a) and the sample prepared for the glucosyltransferase activity assay (b).

expensive. To reduce the cost of supplying of
UDP-glucose in such reactions, in situ regeneration of
UDP-glucose is an advantageous option.’*?” Here,
recombinant E. coli containing pEUGT-SUS was
induced and crude extracts (2 mU/mL enzymes) from
the E. coli cells expressing UGT76G1 and AtSUSI
were added to the reaction mixtures, where the concen-
trations of stevioside was 0.6 mM, and the initial ste-

il CJ2h
1 EZZ13h
0.35 4 [J24h

0.30 4
0.25 4
0.20 4

0.15

Rebaudioside A (mM)

0.10 4

0.05

0.00

1:0.2:1 1:0.2:0
Stevioside:UDP-glucose:Sucrose

Fig. 5. Sucrose effects in the two-enzyme (UGT76G1 and AtSUSI)
coupling reaction system.

Notes: About 2 mU/mL enzymes from the crude extract were
incubated with 0.6 mM stevioside, 0.12 mM UDP-glucose, and 0.6
mM sucrose or without sucrose.

vioside:UDP-glucose:sucrose mole ratios were 1:0.2:1
and 1:0.2:0, respectively (Fig. 5). After incubation for
24 h, the concentration of rebaudioside A was as high
as 0.29 mM with sucrose, which was 3.2 folds of that
without sucrose (0.09 mM, with a rebaudioside A yield
of 15.3%). This result indicates that UDP-glucose was
generated from the sucrose cleavage when the activities
of AtSUSI and UGT76G1 were combined.

Effect of the initial sugar donor on rebaudioside A
synthesis

Although enzymatic glycosylation of stevioside to
rebaudioside A using the recombinant UGT76G1 was
shown to be efficient, the process still required UDP-
glucose. By coupling the activity of sucrose synthase,
UDP-glucose initially added to the reaction mixture
could be reduced to one-tenth of the normal level, and
the yields were 19% after 16 h and 35% after 24h
(Fig. 6). With a higher UDP-glucose concentration in
the system, more rebaudioside A was obtained in the
same reaction time. In the reaction mixture with an ini-
tial stevioside:UDP-glucose:sucrose mole ratio of
1:0.5:1, the yield was as high as 50%, and the
concentration of rebaudioside A was 0.30 mM after
reaction by time of 24h. But less cycle numbers of
UDP-glucose was obtained at the high initial concentra-
tion of UDP-glucose, probably because UDP produced
by the enzymatic glycosylation reaction was a potent
inhibitor of glucosyltransferase activity.?*
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Fig. 6. Effect of the initial UDP-glucose concentrations on
enzymatic production of rebaudioside A.

Notes: About 2 mU/mL enzymes from the crude extract were
incubated with 0.6 mM stevioside, 0.6 mM sucrose and UDP-glucose.

When UDP was added for recycling UDP-glucose in
the reaction mixture, the inhibition resulting from high
UDP concentration was prominent when comparing the
systems with the initial stevioside:UDP:sucrose mole
ratios of 1:0.5:1 and 1:0.01:1 (Fig. 7). In the mixture
with 1% UDP (0.006 mM), the amount of rebaudioside
A was 0.29 mM, corresponding to the highest yield of
48% among the three compared systems after reaction
by time of 24 h. The results indicate that inhibition of
glycosylation reaction by UDP was alleviated by low
concentration of UDP.

Effect of the initial sucrose concentration on
rebaudioside A synthesis

The biological function of sucrose synthase (E.C.
2.4.2.13) is considered to be the synthesis of nucleotide
diphosphate derivatives of glucose in the presence of
high concentrations of sucrose, although its catalysis of
both synthesis and cleavage of sucrose is freely reversi-
ble in vitro.** In our study, the reactions were carried
out with 19.8 mU/mL enzymes from the crude extract,
0.6 mM stevioside, 0.006 mM UDP, and different
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Fig. 7. Effect of the initial UDP concentrations on enzymatic
production of rebaudioside A.

Notes: About 2 mU/mL enzymes from the crude extract were
incubated with 0.6 mM stevioside, 0.6 mM sucrose and UDP.
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Fig. 8. Effect of sucrose concentrations on enzymatic production of
rebaudioside A.

Notes: 19.8 mU/mL enzymes from the crude extract were
incubated with 0.6 mM stevioside, 0.006 mM UDP and sucrose. The
mole ratios of sucrose to stevioside varied from 1:1 to 4:1.

concentrations of sucrose. Higher sucrose concentrations
indeed resulted in a higher rebaudioside A yield in 20 h
(Fig. 8). As a result, the maximum yield of rebaudioside
A reached 92% (0.55 mM) after reaction for 20 h, when
the mole ratio of sucrose to steviosdie was 4:1. But the
accumulation of rebaudioside A in the reaction mixture
was close to that with the sucrose to stevioside ratio in
3:1. More than 25% concentration difference of rebau-
dioside A was found between the samples in the ratio of
sucrose to stevioside 2:1 and 1:1.

When the mole ratio of sucrose to stevioside was
fixed at 3:1 and the initial UDP concentration was
0.006 mM, higher yields were reached with lower ini-
tial stevioside concentrations in 2h. However, the
rebaudioside A amount detected in the reaction mixture
was 1.88 mM from 2.4 mM stevioside after reaction for
30 h, with the highest yield (78%), compared with that
from 1.2mM (73%) and 0.6 mM stevioside (70%)
under the same conditions (Fig. 9). The cycle numbers
of UDP were approximately 70, 147, and 313 for the
reaction system with 0.6, 1.2, and 2.4 mM of
stevioside, respectively.
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Fig. 9. Effect of stevioside concentrations on enzymatic production
of rebaudioside A.

Notes: About 15 mU/mL enzymes from the crude extract were
incubated with stevioside, UDP (0.006 mM) and sucrose. The mole
ratios of sucrose to stevioside were fixed at 3:1.
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Since we used crude extract from cells expressing
UGT76G1 and AtSUSI, the inclusion of traces of
endogenous UDP and UDP-glucose in the reaction
mixtures was unavoidable. However, combining such
an in situ system for regeneration of UDP-glucose with
glucosyl transfer catalyzed by stevia UDP-glucosyl-
transferase was investigated in this study for in vitro
glycosylation of stevioside into rebaudioside A.
Purification and immobilization of the UGT76G1 and
AtSUS1 can probably increase the production
efficiency, which will outline the course of future work.

Conclusion

UDP-glucosyltransferase UGT76G1 from S. rebaudi-
ana and sucrose synthase AtSUSI1 from A. thaliana
were coexpressed in E. coli. Coupling the activities of
these two recombinant enzymes resulted in the efficient
synthesis of rebaudioside A from stevioside. It is note-
worthy that the recombinant sucrose synthase AtSUSI
produced high levels of UDP-glucose so that a small
amount of UDP could be used instead of UDP-glucose
to initiate the reaction, which can considerably increase
the cost effectiveness of the system.
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